Experiments were conducted to investigate injection effects on sediment transport in closed-conduit flows. The results show that the sediment transport rate essentially remains unchanged when the ratio of the injection velocity and that at boiling, V i /V cr < 10. However, significant sediment transport rate is observed when V i /V cr increases beyond this limit. In the literature, three semi-empirical models have been developed to relate seepage effects on the sediment transport rate. The experimentally measured data in the pre-and post-boiling condition (Liu and Chiew 2014, and the present study, respectively) are compared with these models. The results show that the models of Francalanci et al. (2008) and Nielsen et al. (2001) perform poorly in predicting injection effects on the sediment transport. Although Yang's (2013) model could reasonably predict the influence of injection on the sediment transport rate in the post-boiling condition, it similarly fails when applied to the pre-boiling condition.
INTRODUCTION
Sediment transport is a very complex subject that requires a comprehensive understanding of the interaction between water and geological boundary conditions (Aberle et al. 2012, Ballio and Tait 2012) . Consequently, the sediment transport rate in many situations is as yet not accurately predicted. Notwithstanding this, it has been widely investigated in steady, uniform conditions where the vertical velocity is almost zero and the pressure distribution of the flow field is hydrostatic. Since Du Boys (1879) first published his bedload formula more than a century ago, much research has been devoted to the study not only on bed but also suspended sediment transport. With these extensive research works in the intervening years, engineers can now predict sediment transport rate reasonably accurately in a quasi-steady, quasi-uniform rectilinear flow. Notwithstanding this, accurate or even reasonably accurate prediction of sediment transport rates in flow conditions that do not conform to this limited condition still remains a challenge. Such conditions include local scour around a bridge abutment/bridge pier, beach erosion by waves, flows associated with sand boiling or liquefaction that may be induced by an earthquake, etc. The last situation may also take place in the absence of an earthquake, with its occurrence related to the condition when the groundwater table is higher than the adjoining water level in a stream. At that instant, water will flow normally across the permeable bed, inducing seepage flow in the upward direction or injection into the stream. When the injection rate is large enough, the sand particles on the bed may boil, which may lead to significant bank failure or rapid bedform change. Understanding the interaction of groundwater and sediment transport along the coast and river course is essential for managing beach and bank erosion. Sediment transport under boiling condition may lead to significant bank failure or rapid bedform change, for example, during the rapid drawdown of the water depth in a river during the recession of the hydrograph. Such effect and behavior are of interest to both the hydraulic and geophysical communities. Such a phenomenon can be found in both natural rivers and man-made canals, e.g., the lower Boise River Basin, Idaho, Lower Colorado River, USA, Yangtze River, New York canal (Berenbrock 1999; Tang et al. 2009; Carlson and Petrich 1998) .
Because of the important effect of seepage on the geomorphological behavior of the fluvial system, many studies have been reported in the literature on the effect of injection on sediment bed instability or the transport rate of sand particles (Meyer et al. 1994 , Rao and Sitaram 1999 , O'Donnell et al. 2002 , Lu and Chiew 2007 , Francalanci et al. 2008 , Liu 2010 , Richards and Reddy 2012 , Fujisawa et al. 2013 , Liu and Chiew 2014 . Rao and Sitaram (1999) carried out experiments to study injection effects on the stability, mobility, and incipient motion of sand-bed particles in a rectangular open channel with a length 3.6 m and a 2.4-m long seepage zone. They found that injection increases the bed particle stability. O'Donnell et al. (2002) conducted laboratory tests on the effect of increasing seepage flow from a sand bed on sediment transport rates. Experiments were carried out in a re-circulating flume with a length 10 m and a 3.6-m length seepage zone. They found that at the quick condition, the sediment transport rate will increase by 10-20% compared with that without injection. Fujisawa et al. (2013) conducted experiments to investigate the migration velocity of sand particles transported by upward and horizontal seepage flows. They found that when the upward injection flow velocity increased, the hydraulic gradient decreased marginally before boiling occurred, beyond which it decreased rapidly. In addition, the increasing trend of the sand transport velocity was remarkably similar to that of the injection flow velocity, i.e., neither of them did change much before boiling occurred, beyond which they both increased quickly. Liu and Chiew (2014) studied the effect of injection on sediment transport rate in a horizontal open channel flume that was 30 m long with a 2-m length seepage zone. Their results show that an increase in the injection velocity causes a marginal reduction of the sediment transport rate.
A cursory examination of the related published literature reveals that different researchers hold very different views on injection effects on sediment transport rate in open channel flow. Some opined that injection increases sediment transport rate, while the others found an exact opposite trend. Very few researchers have directly measured the sediment transport rate except for Liu (2010) and Fujisawa et al. (2013) . Moreover, the latter only investigated the sediment transport rate in the presence of upward injection and did not consider the combined effects of both the streamwise and injection flows on sediment transport rate. The former, however, did conduct direct measurements of the sediment transport rate.
As injection or suction can noticeably change the sediment transport rate (Liu and Chiew 2012, Cao and Chiew 2014, etc.) , some researchers have made attempts to develop semi-empirical equations for its computation. They generally believed that the boundary shear stress Ĳ (= ȡghS) may be used to relate to sediment transport in unsteady and non-uniform flows, but the Shields number Ĳ * {= Ĳ/ [(ȡ s -ȡ) gd]} needs to be modified (Ĳ -shear stress, ȡ s -sediment density, ȡ -fluid density, g -gravitational acceleration, h -water depth, d -particle size, S -energy slope). Amongst them, Francalanci et al. (2008) modified the Shields number by correlating the pressure variation with water density, i.e., a higher pressure corresponds to a higher fluid density, and vice versa. Contrary to the approach of Francalanci et al. (2008) , who relate the water pressure with the Shields number, Nielsen et al. (2001) used the hydraulic gradient to modify the Shields number.
Recognizing that sediment transport is a near-bed phenomenon, Yang (2005) surmised that all the parameters used to relate to sediment transport should be those that are close to the boundary and that the total boundary shear stress alone is insufficient because the energy used in causing the formation of bed features is not used in transporting the sediment particles. Hence, he proposed the use of Ĳ and u * (shear velocity related to the grains) in the formula he published. Later, Yang (2013) investigated the influence of the vertical velocity on sediment transport and proposed the concept of an apparent density of sediment particles. He argued that the upward vertical velocity reduces the settling velocity of the sediment particles, which has a similar effect as the reduction of sediment density. He hypothesized that the sediment transport subjected to injection has the same effect as the transport of lightweight materials that can be estimated using existing theorems of sediment transport.
Therefore, it is necessary to conduct some specially designed experiments to test these three published models. As most previous studies were conducted in open channel flows, the water depth at the injection location changes significantly when a large injection rate is introduced. Consequently, to eliminate the effect of the changing water depths, the present study is conducted in a closed conduit to examine whether injection enhances or restrains sediment transport. It is widely accepted that there are many similarities between flows in a rectangular open channel and those in a closed conduit, but the latter eliminate the complicating effect of free surface (Knight et al. 1982) .
The main differences between open channel and closed-conduit flows are twofold. First, the former has a free surface while the latter does not. This should not affect significantly the sediment transport as it is mostly correlated with the flow near the particle bed. However, as indicated in the study of Francalanci et al. (2008) , injection tends to cause a local depression of the water surface, thus modifying the flow field. This phenomenon is clearly not apparent with a closed-conduit flow. Second, the former is gravity driven while the latter is pressure-driven. Consequently, the absolute pressure acting on the sediment bed in an open channel and a closed conduit may be different. Although a few previous researchers, e.g., Bagnold (1966) , have stated that pressure will influence bed transport rate, the effect of pressure on bed sediment mobility is not well-established, as not many other studies have been reported. Figure 1 shows how a sand bed consisting of spherical particles with diameter d experiences both streamwise and vertical flows in a closed-conduit flow. The bed sediment particles are clearly subjected to the horizontal and vertical forces due to the approach flow and injection, respectively. As discussed in Section 1, there apparently are just three methods in published literature (Nielsen et al. 2001 , Francalanci et al. 2008 , Yang 2013 ) that may be used to compute the volumetric sediment transport rate, q t , associated with such a condition.
PREVIOUS THEORETICAL MODELS
The first method is that introduced by Nielsen et al. (2001) , who investigated the effect of suction on sediment mobility both experimentally and analytically by using a modified Shields number (Nielsen 1997) to account for its effect as follows
where u * is shear velocity and can be taken to be the same as that related to the grains; Į and Ȗ are dimensionless coefficients, which represent the strength of shear stress increase and the downward drag, respectively; V i is the average injection velocity, V i = Q i /A i , Q i and A i are injection flow rate and cross-sectional area of the injection zone, respectively; K is coefficient Fig. 1 . Sketch of sand bed subject to both streamwise and vertical flows.
U y x V i of permeability; d 50 is the median grain size. In the present study, we have extended the use of Eq. 1 to the case of injection. By referring to the study of Conley (1993) and Martin and Aral (1971) , Nielsen found that Į and Ȗ may be taken as 16 and 0.35~0.4, respectively. In this study, Į = 16 and Ȗ = 0.4 are adopted and Eq. 1 is used to fit the present experimental data. The second method is that proposed by Francalanci et al. (2008) , who utilized the modified equation of Meyer-Peter and Müller (1948) given in Wong and Parker (2006) to fit their experimental data as shown in Eq. 2
where q t is volumetric sediment transport rate; * Ĳc , which denotes the Shields number due to skin friction, may be computed by using
and Ĳ *cr is critical Shields number for the onset of sediment motion in the presence of seepage, which may be evaluated using the following equation proposed by Cheng and Chiew (1999) ,
where Ĳ *cr,s and Ĳ *cr,o denote the critical Shields number with and without seepage, respectively; V cr is critical injection velocity, which will cause the quick condition for the sediment particles; m is 1-2 depending on the characteristics of flow and sediment particles; m is chosen to be 1 in the present study.
In the third method, Yang (2005) 
where k is the empirical constant (Yang 2007) ; Ĳ 0 is the bed shear stress in the absence of seepage; u *c is the critical shear stress of the sand particle; Ȧ is the settling velocity of the sand particle, which may be calculated as follows:
where C d is the drag coefficient without injection.
Yang (2013) believes that introducing an injection velocity V i will reduce the fall velocity Ȧ to Ȧ -V i , and the same fall velocity may be computed if the diameter of the sediment particle were to remain unchanged while the particle density changes to s ȡc , thus leading to
where d Cc is the drag coefficient with injection. Combining Eqs. 6 and 7, one can get the following relationship 2 1 ,
where
, as a first approximation, | 1. By combining Eqs. 5 and 8, the following equation is obtained
where q t (Y) is the sediment transport rate with injection; Y = V/Ȧ = ȕV i /Ȧ and ȕ is defined as the ratio of the actual vertical velocity V through the voids of the sand grains and the average injection velocity, V i . In theory, it is the inverse of the effective porosity of the sand and depends on its characteristics, e.g., size and distribution of the sand and geometric complexity of the pore space, etc. Because the medium value of the effective porosity of fine sand is 0.33 (McWhorter and Sunada 1977) , ȕ, which is its reciprocal, | 3 for the present study since fine sand with a median grain size 0.2 mm is used. If one assumes that injection has little influence on the streamwise parameters, i.e., Ĳ o and u * (Yang 2013) , the following equations will be true
where q t (0) is the sediment transport rate without injection. Based on Eq. 10, one may surmise that introducing injection will lead to an increase in sediment transport rate. The experimental data which will be used to test these 3 methods are presented and discussed in the following section.
EXPERIMENTAL SETUP AND PROCEDURES

Flume and experiment procedure for sediment transport
The experiments were conducted in a re-circulating rectangular Perspex pipe that is 4.8 m long, 0.25 m wide, and 0.25 m deep. Figure 2 , which shows the schematic of the conduit, illustrates how the sand bed is placed in the recess that is 1 m long and 0.25 m wide. The recess, which was located 2.4 m downstream of the conduit inlet, was filled with cohesionless sand particles with d 50 = 0.2 mm and geometric standard deviation, ı g = 1.29. The latter is defined as 60 10 d /d in which d 10 and d 60 are the particle size for which 10% and 60% are finer by weight, respectively. The specific gravity and porosity of the sand are measured to be 2.65 and 0.466, respectively, with the ambient temperature of 29°C. A layer of the same sand was glued on the approach false floor (depth is 0.125 m, thus the water depth is also 0.125 m) to ensure uniform roughness. The injection zone with length = 0.1 m and width = 0.25 m was located in the sand recess. On top of the recess section, there was an opening with a removable roof to allow access into the conduit for the preparation and execution of the tests. The roof was secured by means of stainless steel screws. Holes with diameter = 6 mm were drilled onto a Perspex sheet placed beneath the sand bed to obtain a uniform flow inlet. Moreover, a piece of filter cloth was placed between the perforated plate and sand to ensure a uniform injection through the sand bed. A pump was connected to the box under the Perspex sheet to produce injection.
Water, which was stored in a reservoir, was re-circulated into the flume by using two pumps. The bigger pump, also known as the main pump, was able to circulate water at a maximum rate of 10 L/s. The smaller pump, which was for the injection purpose, had a maximum capacity of 1.5 L/s. The flow rates in the flume and injection zone, which were each controlled by using a valve, were monitored with two flow meters (the accuracy of both is r0.01 L) and a stop watch. To ensure uniform water distribution, a honeycomb, in the form of small pipes with 20-mm diameter and 10-cm length glued together, was installed at the entrance to the flume.
A transparent sand trap, in the form of a hopper, was placed 0.45 m downstream of the seepage zone to collect the transported sand particles during the experiment (the same method was used by Sumer et al. (2003) and Pagliara et al. (2011), etc) . The sand trap was used to directly measure the bed-load transport rate by collecting the entrained sand within a certain duration. It was connected to a PVC tube with a valve attached to it. The valve was closed during the experiment. After each test, the valve was opened and the collected sand and water were drained to a container. The sand was then dried and weighed to directly measure the sediment transport rate. The procedure for measuring the sediment transport rate is as follows:
Remove the roof of the conduit and level the sand surface to the adjacent bed (false floor). Then close the roof and tighten the screws. Open the sand trap valve. Turn on the main pump to a very slow flow rate. Wait until no particle is moving to the sand trap anymore, then close the valve and let the water slowly fill the entire flume. When the flume is completely filled with water, turn the main pump off and turn the injection pump on. Open the valve to the desired flow rate. When the sand bed has stabilized, adjust the main pump to around 6.8 L/s. The same main flow rate is used for all the tests. Drain the sand in the hopper. Run the experiment for 30 min, during which the flow rates of both pumps are monitored regularly to ensure that they remain constant. At the end of the test, turn both pumps off.
Open the sand trap valve to collect the wet sand particles, which are oven-dried at 120°C. The dried sand is then weighed and the volumetric sediment transport rate calculated. A total of 51 experiments have been conducted in this study.
Permeability test
If the injection rate is allowed to increase, the formation of the quick condition or boiling is inevitable. In this study, we need to determine the coefficient of permeability, K, and critical injection velocity, V cr , for the sediment used in the study for subsequent analyses. A laboratory tool that one may use to evaluate these two variables is through the conduct of a permeability test (ASTM 2006) , which is the same as that used in Fujisawa et al. (2013) . To this end, the standard permeability test based on the method stipulated in ASTM (2006) was conducted with this objective in mind.
The experimental results obtained from the permeability test are plotted in Fig. 3 , which clearly show that when the injection velocity, V i , exceeds 0.0324 cm/s, a distinct gradient change is detected, invalidating the linearity inferred in Darcy's law. This point is defined as the critical seepage velocity at which boiling just occurs for a given sand, V cr , and is found to be Table 1 shows the test conditions and measured sediment transport rates for all the tests. It must be stated at the outset that the main flow rate Q o used in the study is 6.8 L/s, which corresponds to the computed approach shear velocity ratio, u *o /u *co = 0.98 (without injection), in which u *o is undisturbed approach shear velocity, and u *co is critical shear velocity for bed sediment Cao et al. (2015) and will not be repeated here. With the shear velocity ratio being slightly less than 1, the bed sediment particles in the conduit are expected to move slowly (Buffington 1999 ) and experimental observations verify this expectation. The measured sediment transport rate without injection, q t = 1 × 10 -9 m 2 /s. The case without injection is the baseline condition and the rest of the data with injection are compared with it.
EXPERIMENTAL RESULTS AND DISCUSSION
Experimental results
The ratio between the sediment transport rate with and without injection, q t (Y)/q t (0), is plotted as a function of the injection intensity (defined as the ratio between the injection velocity, V i , and critical seepage velocity, V cr ), V i /V cr , for the data from Liu and Chiew (2014) conducted in an open channel flow and those from the present study in Fig. 4 . It must be stated that the results are plotted on a semi-logarithmic curve in order to have a better visual appreciation of the data of Liu and Chiew. If the V i /V cr -axis (horizontal axis) were kept as a normal scale, all their data would have been lumped together to almost a single point on the plot. It must also be noted that their data were not only collected from tests conducted in an open channel flow but they were also subjected to the "pre-boiling" condition (0 V i /V cr < 1), while those collected in the present study were gathered with tests conducted in the "post-boiling" condition (1 < V i /V cr < 20) and a closed-conduit flow. Present study, u *o /u *co =0.98 Liu and Chiew (2014) , u *o /u *co =0.99 Liu and Chiew (2014) , u *o /u *co =1.17 Liu and Chiew (2014) , u *o /u *co =1.28 Figure 4 clearly shows, first of all, that the data collected from these four series of test generally collapse together, and they do not appear to discriminate against shear velocity ratios and the type of flow, i.e., whether open channel or closed-conduit flows, at least within the range of 0.98 u *o /u *oc 1.28 and 0.02 < V i /V cr < 20. In addition, the figure reveals that q t (Y)/q t (0) does not change much when V i /V cr < 10, especially before the onset of boiling. Even when boiling has occurred, changes to the sediment transport rate still remain negligible. However, the data show that q t (Y)/q t (0) increases abruptly when V i /V cr 10. Clearly, one can identify two distinct zones in the figure. Zone 1, which is represented by a low sediment transport rate, occurs for V i /V cr < 10. The second zone, i.e., Zone 2, is characterized by an abrupt increase of sediment transport rate and occurs when V i /V cr 10.
In the present study, four different sand bed mobility behaviors, which are illustrated in Fig. 5 , are observed. These behaviors are used to explain the influence of injection on sediment transport rate, particularly the reason why the latter increases dramatically when V i /V cr exceeds 10. First, before injection is introduced to the seepage zone, Fig. 5a illustrates how the bed surface essentially remains at the same level as the adjacent bed, befitting the expected low sediment transport rate associated with zero injection with a low shear velocity ratio at around the threshold for bed sediment transport. Once injection is introduced, dilation of the sand bed will occur, thus increasing the sand porosity, as is shown in Fig. 5b . As the sand porosity increases, its permeability will correspondingly increase, leading to intensive dilation in the injection zone. As the injection velocity continues to increase, even approaching the quick condition and beyond, the sand particles are lifted out of the seepage zone. This is so because the density or mass of the bed particles has reduced (due to the upward seepage force acting on them) to such an extent that they have exceeded the downward gravity force. Theoretically, the height of the uplifting is dependent on the magnitude of the uplift, which in turn is related to the injection rate. When the uplifted particles have reached the peak of its ascent, they are effectively neutrally buoyant and can easily be entrained by the on-coming flow. These easily entrained "lightweight" or even "zero-weight or sub-zero-weight" sediment particles evidently cause a significant rise in the sediment transport rate.
Based on the results in Fig. 4 , it may be surmised that when V i /V cr > 10, the particles would have been lifted to such an elevation that they are readily entrained downstream by the oncoming flow, resulting in a significant increase of the sediment transport rate. Conversely, the uplift is unable to cause a significant change to the sediment transport rate when V i /V cr < 10 because of the limited elevation that they have risen to. Notwithstanding this, observations also show that not all the elevated sediment particles were entrained and readily moved downstream. Instead, some of them were re- deposited onto the bed immediately downstream of the seepage zone due to gravity, causing the formation of a heap that resembles a small hill there (see Fig. 5c ). When "the critical point", i.e., the intersection of Zones 1 and 2 is reached, many more sediment particles are lifted, transported, and redeposited. Figure 5d illustrates the resulting bed morphology after a reasonable period of operation.
Published studies on injections effects, e.g., Cheng and Chiew (1998, 1999) , Dey and Nath (2010) and Liu and Chiew (2014) , etc., have revealed that injection will increase the flow resistance, decelerate the main flow, modify the near-bed velocity, turbulence intensities and Reynold stresses, rendering the velocity and Reynolds stress distribution to deviate from those without injection. Moreover, injection also reduces the effective weight of particles, thus promoting bed sediment mobility, but modifications to the flow tend to promote the stability. In the extreme condition when the bed boils, the very near-bed sediment particles are effectively weightless, causing them to be easily entrained, as is confirmed in the experimental data. Figure 5 clearly illustrates this phenomenon, showing the higher the injection (large post-boiling), the higher (and more) will the sediment particles be lifted, thereby increasing the sediment transport rate significant (see results in Fig. 4 ).
Comparison of the data with different models
In this section, the data in both the pre-boiling and post-boiling conditions are compared with those computed using the published models. First, Liu and Chiew's (2014) data, which are subjected to the pre-boiling condition, are compared with the computed results by using the three models described in Section 2 in Fig. 6 . Unlike that plotted in Fig. 4 , the present figure is plotted with the sediment transport rate ratio as a function of Y. This is necessary because all the three methods discussed in this paper adopted Y instead of V i /V cr as the independent variable. It should be noted that only the figure with the data of u *o /u *co = 0.99 amongst the three groups of data from Liu and Chiew (2014) has been used in the comparison in order to avoid repetition, as the other two sets of data yield a very similar pattern. Another noteworthy point is that Nielsen et al.'s (2001) model is not shown in Fig. 6 because the shear stress excess, * * ( ) cr Ĳ Ĳ c , is calculated to be negative using his model and q t would all be zero. Moreover, Fig. 6 shows that both Yang's (2013) and Francalanci et al.'s (2008) models predict that injection enhances the sediment transport rate while Liu and Chiew's (2014) result shows a slightly decreasing trend, although the prediction using the model of Yang (2013) performs much better than that of Francalanci et al. (2008) .
The present measured data, which relate to the post-boiling condition, are compared with the same three semi-empirical models. Using Yang's (2013) model, the ratio between the sediment transport rate with and without injection, q t (Y)/q t (0), is plotted against Y in Fig. 7 . It can be seen that Yang's model fits the data reasonably well. It must be stated that the E-value of 3, as was discussed earlier, is used in the computation. Moreover, the fall velocity, Ȧ, is computed to be 0.019 m/s by using Cheng's (1997) 
It is important to note that although Yang's (2013) method does compare reasonably well with the present experimental result, the figure shows that it still overestimates the data when compared with the empirically best fitted curve. A possible cause of the discrepancy may be the assumption made in Yang's (2013) derivation of his formula in that he has neglected the influence of injection on the streamwise parameters, such as Ĳ o and u * . Clearly, this assumption is erroneous because many published data, e.g., Cheng and Chiew (1999) , Cao et al. (2015) , etc., have categorically shown that both the average and fluctuating components of the velocity change in the presence of both injection and suction. Figure 8 shows the results computed using the method proposed by Francalanci et al. (2008) and Nielsen et al. (2001) . It clearly shows that their prediction deviates significantly from the measured data and the accuracy of both models is much worse when compared with that of Yang (2013) , as shown in Fig. 7 . For example, when Y = 0.3, the method of Francalanci et al. (2008) overestimates injection effects on the sediment transport rate by about 3000 folds. By comparing the methods of Francalanci et al. (2008) and Nielsen et al. (2001) , however, the result in Fig. 8 reveals that the latter performs even poorer as it overestimates injection effects on the sediment transport rate by even more than that estimated with the method of Francalanci et al. (2008) when Y > 0.25. When Y < 0.2, on the other hand, Nielsen's method performs better although both these methods still are inferior to the approach of Yang (2013) . Additionally, the glaring flaw of the methods of both models is that the models of Francalanci et al. (2008) and Nielsen et al. (2001) resulted in a hyperbolic function with a point of discontinuity that occurs at Y = 0.102 and 0.201, respectively. At these points, the sediment transport rate approaches either +f or 0. The reason for this discrepancy is that * Ĳc o either +f or -f based on Eqs. 3 and 1, respectively, rendering q t o +f or 0, respectively, according to Eq. 2.
In summary, for both the pre-and post-boiling conditions, the prediction using the models of Francalanci et al. (2008) and Nielsen et al. (2001) deviates significantly from the experimentally measured data. In comparison, the model of Yang (2013) boiling condition but it is not as good for the pre-boiling condition. Further modification of the model by incorporating the effect of injection on the shear stress is necessary in order to get a better result.
CONCLUSIONS
This paper explores how the vertical bed injection affects the sediment transport rate in closed-conduit flows. The experimental results show that the sediment transport rate q t does not change much with increasing injection velocity when V i /V cr < 10, while it increases abruptly as the injection flow continues to increase. The significant increase is attributed to the substantial upward force due to injection at this velocity range, lifting the particle to a higher elevation to be readily transported by the oncoming flow. By adopting the concept of an apparent particle density, Yang (2013) developed a model to account for injection effects on sediment transport rate. Some other researchers (Francalanci et al. 2008 , Nielsen et al. 2001 ) also have developed semi-empirical models to incorporate the effect of injection on sediment transport rate by modifying the form of Shields parameter or the critical shear velocity.
Both the experimentally measured data in the pre-(data from Liu and Chiew (2014) and 0 V i /V cr < 1) and post-boiling condition (data from the present study and 1 < V i /V cr < 20) are compared with the three published models. The results show that the models of Francalanci et al. (2008) and Nielsen et al. (2001) could not predict injection effects on the sediment transport. Although Yang's (2013) model could reasonably predict the influence of injection on the sediment transport rate in the post-boiling condition, it similarly fails when applied to the pre-boiling condition.
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